I. INTRODUCTION
One of the greatest challenges in modern-day solid state chemistry is the search for novel functional materials as key compounds for high technological applications, e.g., to gain energy in thermoelectric or photovoltaic compounds.
1, 2 On the way from expensive experimental screening to the prediction and finally to the design of materials, first-principles calculations play an increasingly important role not only to calculate properties of already synthesized compounds but also to predict the stabilities of hypothetical new compounds. The latter is significantly more complex and time-consuming and can be gradually more afforded with high-performance computers and advanced codes. As a result, the focus has been turned from the pure description of experimentally known compounds to the discovery of new materials by means of theoretical methods. A milestone to predict hitherto unknown compounds and structures was set by the work of Jansen, 3 emphasizing the role of theoretical methods in solid state chemistry synthesis planning. The introduction of the concept of an energy landscape that reflects the energy hypersurface of the material world and the exploration of this landscape delivers a key for rational design of syntheses. It is based on the principle that all possible structures and compositions are found on the potential energy surface that can be computed. Thereby, also metastable compounds can be identified. Another approach by Oganov et al. applies a combination of evolutionary techniques and ab initio calculations to predict stable and low-energy metastable structures. 4 Dronskowski a) Author to whom correspondence should be addressed. Electronic mail: richard.weihrich@chemie.uni-r.de et al. published a state-of-the-art contribution on ab initio thermochemistry of solid-state materials 5 and they developed energy-volume diagrams for systems with a fixed stoichiometry including a multitude of possible structure types. 6 The concept was applied by our group to calculate the relative stability of black and red phosphorus and arsenic. 7 A recent contribution by Zunger et al. dealing with stabilities of hypothetical Half-Heusler-type compounds emphasizes the role of competing phases with different atomic compositions in addition to thermodynamic stabilities. 8 Keeping in mind the works cited above, we want to present a graphical representation using the example of an expedient and comprehensible case. It extends our earlier schemes that were based on the prediction of pyrite (FeS 2 ) related compounds. [9] [10] [11] [12] [13] [14] [15] In a systematic quantum mechanical study, relevant excerpts of the stated energy landscape are depicted for the example of nickel dipnictides. A wellestablished stepwise rough to precise optimization scheme starting from known nickel dipnictide and related structure types should provide a basis for the determination of reliable energy values. Applying this method, new structures or variations of those structures can also be detected. Competing binary phases with different stoichiometries are considered to provide an entire impression of the phase stabilities of the investigated series. Instead of a list of absolute energy values, a large-scale picture of relevant (hypothetical) phases is offered with emphasis on trends within the periodic table. Nickel dipnictides provide an ideal model system for this case study with the occurrence of several polymorphs on the one hand and enough room for the discovery of not-yet-known compounds on the other.
Among the multitude of structure types known for several combinations of pnictides and transition metals, compounds with the stoichiometry MPn 2 (M = transition metal, Pn = pnictide) are very important representatives. With the exception of group 3 and group 7 elements, the formation of dipnictide compounds has been reported for all transition metals with at least one member of the pnictide row (according to the Inorganic Crystal Structure Database (ICSD) 16, 17 ). The structural diversity of the MPn 2 compounds ranges from layers, chains, and dumbbells to strand-like and spiral arrangements. Whereas layered structures are characteristic for earlier transition metals in MPn 2 , later transition metals tend to prefer compounds containing dumbbells. The latter can be separated into 3 predominant structural groups: the marcasite type that mainly appears for group 8 elements, the arsenopyrite type that is characteristic for group 9 elements, and the pyrite type that is most common for group 10 elements. Pyrite (FeS 2 ) related compounds have been playing an important role in the development of theoretical calculations. Pyrite itself is under intensive investigation as it was identified as promising material for photovoltaic applications from band structure calculations. 18, 19 Later, platinum nitride was identified as isoelectronic pyrite type PtN 2 by thorough density functional theory (DFT) calculations on possible stable compositions and structures. 20 It is isotypic and isoelectronic to pyrite and known compounds PtPn 2 (Pn = P, As, Sb, Bi) as well as SiP 2 .
12, 14 Furthermore, it exhibits an N-N bond similar to PdN 2 , predicted ultrahard CN 2 , 9, 10 and large gap SiN 2 . 10, 12 Looking for isoelectronic NiPn 2 compounds, one finds a range of polymorphs and structurally related compounds that are known for possible applications as electrode materials. 21 Isoelectronic to FeS 2 , NiPn 2 -type compounds should reveal high oxidation potential as diamagnets with d 6 electronic configuration for Ni in a rather unusual oxidation state of +IV. The search for novel nickel dipnictides is expected to yield useful materials with interesting functionalities.
In contrast to the group 8 and group 9 metal dipnictides, there is a distinct structural diversity (beyond the pyrite type) among the group 10 metal dipnictides, particularly for M = Ni (Table I ). In fact, the observed polymorphism for the 33 was thoroughly studied by Kjekshus 25, [28] [29] [30] 34 and the application of high pressure was shown to lead to a pararammelsbergite type instead of a pyrite type structure. 35 NiP 2 crystallizes in a KO 2 type structure 36, 37 at ambient conditions and a high temperature and high pressure form of NiP 2 32 exists in the pyrite type. The question arises if and how the mentioned structures are associated with each other and if some of the structure types could be found as new phases in combination with different pnictides.
Not-yet-known pernitrides and dibismuthides are especially interesting in this matter as they have been reported for the corresponding palladium and platinum homologues. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] Actually, the discovery of novel dinitride compounds was successful recently (OsN 2 , IrN 2 , PtN 2 ) [38] [39] [40] 48 -driven by promising properties like hardness or superconductivity. This situation is seen as a starting point for the question on the prediction of the relative stability of known and unknown compounds and structures with respect to possible polymorphs and the decomposition into more stable products. Only a small number of quantum mechanical studies for nickel dipnictides have been performed to date: two works were dedicated to nickel diphosphides. 49, 50 The NiPn 2 homologues PdPn 2 and especially PtPn 2 , however, were in the focus of structure calculations mainly for Pn = N. 12, 20, [51] [52] [53] In this work, we want to investigate the stabilities of experimentally known and hypothetical structures of nickel dipnictides in the abovementioned and other related structure types and point out the relationships between the different structure types.
Stability diagrams serve as a basis for a classification of all known compounds within the examined series and guide the way to hitherto not existing materials. The main goal is to establish a reliable and straightforward way of identifying low-energy and lowest-energy crystal structures. The structure candidates are additionally related to the energies of their elements and competing binary Ni x Pn y phases to evaluate their stabilities with respect to decomposition. Many hypothetical compounds are energetically stable with respect to decomposition into their elements but not into competing phases. The stability diagrams are meant to go beyond bare numbers and to get a bigger picture of the NiPn 2 systems that allows for an evaluation of phase stabilities at one glance. Optimized crystal structure data of the lowest-energy structures are compared to experimental data. A foundation for experimentalists should be provided to synthesize new materials with useful functionalities. Finally, tendencies within the pnictide row can be derived that allow for further understanding of bonding and other chemical trends within the group.
II. COMPUTATIONAL DETAILS
The first-principles electronic structure calculations were carried out within the framework of DFT with exchange-correlation functionals in the generalized gradient
Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to IP: 132.199.145.239 On: Wed, 19 Oct approximation (GGA) 54, 55 according to Perdew-BurkeEnzerhof (PBE). Full geometry optimizations were executed with the Vienna Ab initio Simulation Package (VASP); [56] [57] [58] [59] atomic site parameters and cell constants were therefore allowed to fully relax with the conjugant gradient algorithm. The interactions between the ions and the electrons are described by the projector-augmented-wave (PAW) method 60, 61 with a cutoff energy of 500 eV. All calculations were performed in three subsequent steps with an initial k-grid mesh of 4 × 4 × 4 rising to 8 × 8 × 8 and 12 × 12 × 12 to reach sufficient accuracy. Particularly for large unit cells, this offers an additional verification of the performed calculations. A structure optimization was considered to be converged with a difference in total energy of less than 1 × 10 −6 eV and a maximum Hellmann-Feynmann force of 1 × 10 −4 eV/Å. The final values of the total energies of the investigated systems were obtained with energy differences (between last and second to last step) of less than 1 × 10 −3 eV per formula unit. From additional calculations with initial spin polarization, no magnetic ground state and no energy gain could be observed for any of the systems.
III. CRYSTAL STRUCTURES
The experimental data of the structures shown in Table I deliver the basis for the starting crystal geometries. Along with the experimentally known NiPn 2 structures, the selection of investigated AB 2 structure types comprises corresponding Pd and Pt systems and adequate reference systems.
The structure types of the group 10 metal dipnictides can basically be divided into two groups, dumbbell-like and layered structures. The latter can be observed for palladium (monoclinic froodite, space group (SG) C2/m (12); tetragonal CuZr 2 -type urvantsevite, SG I4/mmm (139)) and platinum (trigonal/rhombohedral PtBi 2 , P-3 (147)) dibismuthide compounds. For all three structure types, Pn-M-Pn triple layers are stacked along one axis with increasing distortion from trigonal PtBi 2 to urvantsevite and froodite. They serve as potential structure candidates especially for NiBi 2 . A more detailed description comparing and contrasting these and other layered structures will be published elsewhere. In addition, the related prototype structures cadmium iodide (CdI 2 , SG P-3m1 (164)) and calcium fluoride (CaF 2 , SG Fm-3m (225)) serve as further reference compounds for layered structures and structures with isolated ions.
The majority of the structure types under investigation, however, contain dumbbell-like arrangements. Structures of this and similar kind were subject to detailed investigations, particularly for homologous Pd and Pt compounds and the respective chalcogenides. Among these, there are the marcasite/rammelsbergite (orthorhombic, SG Pnnm (58)), the pyrite (cubic, SG Pa-3 (205)), the NiAs 2 /pararammelsbergite (orthorhombic, SG Pbca (61)), the arsenopyrite/CoSb 2 (monoclinic, SG P2 1 /c (14)), and the KO 2 type (monoclinic, SG C2/c (15)) structure. By approximation, the latter can also be seen as dumbbell-like structure. Alternative to a chain-like description, dumbbells can be imagined as those that are interconnected as zigzag-like chains with almost equal distances within and between the pairs. Even though the mentioned dumbbell-like structures belong to different crystal systems and their unit cells differ in size and shape, they are all related to each other. A detailed discussion on the relationships between the pyrite, marcasite, and arsenopyrite type can be found in contributions by A. Kjekshus. [62] [63] [64] Many depictions of the unit cells found in the literature contain a rather unclear connection of coordination polyhedra or appear as mere congeries of the atoms of the unit cell. Here, we want to introduce a straightforward graphical representation with emphasis on common structural fragments to allow for a comparison of the present structure types.
The investigated structure types can all be derived from close-packed metal structures with dumbbells in octahedral holes. The main difference between the structures is the orientation of the dumbbells which can be seen in Figure 1 and will be explained below. This results in different symmetries, different space groups, and unit cells that significantly diverge in size and shape. Equivalent characteristic fragments can be found for all structure types with Pn-Pn dumbbells. Pn atoms are (distorted) tetrahedrally, coordinated by the corresponding dumbbell partner and 3 Ni atoms. An exception is the KO 2 type structure with two Pn neighbors and two Ni atoms. The Ni atoms exhibit a (distorted) octahedral coordination by Pn atoms except for the almost square planar coordination in the KO 2 type. The structural relationships can be well described based on the marcasite type. The structure images displayed in Figure 1 are characteristic fragments of the parent structures and do not represent their unit cells in a different setting. Dark lines symbolize the cell edges of a hypothetical marcasite-type unit cell and yellow lines represent the original unit cell edges. Atoms in the original unit cell that do not appear in the hypothetical marcasite type cell are shaded. The main diversities between the different structure types are the orientation and the displacement of the Pn-Pn entities and thus the connection of the coordination polyhedra and the divergence from the geometry of the marcasite unit cell. The following paragraph is devoted to a more detailed analysis of the relationships of the introduced structure types.
In marcasite, all dumbbells are located in parallel planes and they exhibit the same orientation in every second plane (0 0 2). The arsenopyrite structure is very similar to marcasite, solely the distances of the Ni atoms of every second plane alternately become shorter and larger. The Pn-Pn entities keep their orientations and are just slightly distorted compared to the marcasite structure. To get from the marcasite to the pyrite type structure, half of the Pn-Pn pairs are alternately turned perpendicular to the planes (in one direction of the plane only, they stay the same in the other direction) without changing their positions in M 6 octahedra. Accordingly, the planes are pushed apart and Ni-Ni distances in between become equidistant to the ones within the planes, i.e., the Ni atoms are arranged as an undistorted fcc type substructure with dumbbells in octahedral holes (cf. NaCl structure). Based on the marcasite type structure, the NiAs 2 type structure can approximately be obtained with a mixture of both transformations described above. Alternating M-M distances and orthogonally twisted dumbbells (in both directions of the plane) lead to a significantly distorted marcasite unit cell. To relate the KO 2 type to the marcasite type structure, all Pn-Pn entities are likewise turned out of the plane in the same direction with alternately half of them rotated by another 180
• . The Ni framework gets slightly distorted and the dumbbells are directed to each other in a way that zigzag-like chains are formed with almost identical distances between the Pn atoms. The (distorted) octahedral coordination of M atoms by Pn atoms is replaced by an almost square planar coordination and the (distorted) tetrahedrons around Pn atoms consist of 2 Pn and 2 M neighbors.
Summing up, the basic constitution of the examined structure types is very similar. Most distinctive deviations exist for the KO 2 type, and the arsenopyrite/CoSb 2 type is the only one that has not been reported for Ni/Pd/Pt dipnictides. It will be interesting to see if the described similarities can also be observed in the calculated stability diagrams in terms of energies and volumes and how they are affected by pnictide substitution. It is furthermore noteworthy that the KO 2 and the arsenopyrite/CoSb 2 types exhibit lower symmetry, which makes them more susceptible for structural deviations in the calculations.
IV. RESULTS AND DISCUSSION
The energetic aspect of the performed structure optimizations is expressed in stability diagrams in Figure 2 and structural data of the energetically favored structures are given in Table II . In case experimental data is available, the calculated values are in very good agreement with the experimental ones. Thus, the structure predictions for potential new phases are believed to be reasonably accurate. A slight overestimation of lattice constants and distances is common when the GGA functional is used.
Prior to the introduction of the stability diagrams, some energetic considerations have to be made. Absolute energy values of polymorphs can be directly associated with each other. When the atom type or the stoichiometry is changed, a direct comparison of absolute energies becomes impossible. Concerning the atom type, energies of phases with different pnictide atoms can be related to each other with the help of the presented stability diagrams of nickel dipnictides. Trends for the fifth main group can be derived in terms of relative energy differences between the (partly hypothetical) phases. The same is possible for a substitution of the metal atoms, which will be shown elsewhere. The examination of electronic stabilities comes along with an energetic consideration of competing phases with different compositions. As a direct comparison is not feasible, a reference system must be established. For obvious reasons, the reference system is AB 2 (NiPn 2 ) in this case (in analogy to a realistic scenario of a closed system with an initial sample ratio of Ni:Pn = 1:2). The conversion into an atomic ratio of 1:2 is carried out as a summation of the proportionate energies of different Ni x Pn y phases or the elements to attain the NiPn 2 stoichiometry. All reported Ni x Pn y compounds are considered and their energies are calculated for every possible combination with all group 5 elements. The energies of the elements correspond to their most stable modifications α-N 2 , orthorhombic (black) P, trigonal (grey) As and Sb, and rhombohedral Bi.
The results of the calculations are merged in the announced stability diagrams (Figure 2) . Squares in the diagrams represent the investigated NiPn 2 structure types. The energies of the elements and competing binary phases are symbolized by horizontal "decomposition" lines. Bold dashed-dotted lines (green) represent the sum of the energies of the elements. Solid lines express the energies of the most stable combinations of a known Ni x Pn y phase and an element (bold, blue) or a different known Ni x Pn y phase (thin, black), respectively (yielding a Ni:Pn sample ratio of 1:2 in each case). These lines are dashed when the calculated lowestenergy combination contains a hypothetical phase. All NiPn 2 compounds under consideration for Pn = P, As, Sb, Bi are The stability diagram for Pn = N clearly poses an exceptional position in the pnictide row (Figure 2(a) ). All investigated structure types are unstable with respect to decomposition into their elements and Ni 3 N (SG P6 3 22 (182)) plus nitrogen (the two lines in the diagram are nearly congruent by coincidence). Some of the structures undergo significant distortions to reach local energetic minima. Remarkably, one of (Figure 3) . The structure is tetragonal with space group I4/mcm (140) and related to the SrS 2 type, 65 which crystallizes in the same space group. In contrast to alternating planes of Sr and S 2 entities, the respective planes in our calculated structure are relocated into each other. This particular structure is attributed to the valences and bonding states in The other dumbbell-like structure types are relatively low in energy with the marcasite type slightly preferred over the pyrite and the NiAs 2 type. An almost identical relative cell volume for these phases can be observed as the nitrogen atoms are very small compared to the nickel atoms and thus the metal packing determines the cell size. Due to the exceptional size and bonding behavior of nitrogen, some of the layered structures are significantly distorted. This applies particularly for the hypothetical PdBi 2 -type phases (SG 12 and SG 139) where the original structures are rearranged to layers with inter-(SG 12) and intra-layer (SG 139) nitrogen dumbbells (cf. the CaC 2 structure type). PtBi 2 -type NiN 2 (SG 147) is reassembled to its CdI 2 aristotype (SG 164), which is apparent throughout the pnictide row. Along with the fluorite type (SG 225), the CdI 2 type is remarkably energetically disfavored. In contrast, the occurrence of N 2 units in the optimized PdBi 2 -type phases makes them relatively stable. The synthesis of a NiN 2 compound would certainly require extreme conditions to overcome the energy barrier and such a compound would most likely contain N-N entities. Although facing instability with respect to its constituent elements, a possible synthesis is indicated when looking at the homologous Pd and Pt dipnictides which were calculated as metastable.
In the remaining stability diagrams for Pn = P, As, Sb, and Bi (Figures 3(b)-3(e) ), almost all structures are stable with respect to decomposition into their elements, and structural deformations become less numerous and distinctive. Dumbbell-like structures are still energetically favored and their relative volume ratios stay fairly proportional aside from the arsenopyrite/CoSb 2 type (SG 14). As explained above, the arsenopyrite/CoSb 2 type is a derivative of the marcasite type (SG 58) with minor structural distortions. Depending on the exact structural input for the calculations, the arsenopyrite/CoSb 2 type either adapts the marcasite structure or it is subject to structural deformations. These deformations (rising from NiP 2 to NiBi 2 ) lead to the development of three-dimensional networks with cavities that explain the relative volume increase. The arsenopyrite/CoSb 2 type is the only dumbbell-like structure type among the present selection that has not been reported for any NiPn 2 compound and the existence of such a compound seems to be unlikely according to our calculations (i.e., the structural deformations that (Figure 2(b) ), they are located in the same energy range along with KO 2 -type NiP 2 , which is the experimentally determined stable phase at ambient conditions. Moreover, these compounds are situated below the decomposition lines. Whereas pyrite-type NiP 2 has been discovered as a high temperature phase, marcasite-and NiAs 2 -type NiP 2 are hitherto unknown and come into consideration as further polymorphs based on our calculations. Accurately defined reaction conditions are probably necessary to get there as the energy differences are just a few kJ/mol. As a remark on the decomposition lines in the NiP 2 diagram, we want to underline the importance of the consideration of concurring phases with different atomic constitutions in all possible combinations. The summation of the energies of these combinations must correspond to the desired atomic ratio (cf. sample ratios for experimentalists in a solid state reaction) in order to make statements about phase stabilities. The lowest-energy combination (Ni:P = 1:2) for a binary phase with phosphorus exists for NiP (SG Pbca (61)), the lowest-energy combination for two binary phases exists for Ni 5 P 4 (SG P6 3 mc (186)) and NiP 3 (SG Im-3 (204)) (see Figure 2(b) ). Per se, the formation energy for Ni 5 P 4 is slightly lower than for NiP (4.45 kJ/mol) and distinctly lower than for NiP 3 (17.83 kJ/mol). The formation energies of all compounds are explicitly negative (-50.28 kJ/mol-atom, −45.83 kJ/mol-atom, and −32.46 kJ/mol-atom). To get to the desired stoichiometry of Ni:P = 1:2, relatively more (energetically significantly unfavorable) P is required in case of Ni 5 P 4 and the combination with NiP is more stable. However, the combination with energetically less unfavorable NiP 3 and the relatively smaller amount of NiP 3 that is needed to get to the 1:2 ratio leads to a preference of Ni 5 P 4 . A consideration of all possible combinations is always necessary to obtain reliable stability predictions.
Another hint for the existence of the mentioned potential new NiP 2 phases is given by looking at the polymorphism and the stability diagram of NiAs 2 (Figure 2(c) ). Again, the dumbbell-like structure types are in the same energy range below the decomposition lines and they have all been experimentally identified as polymorphs of NiAs 2 . Other phases like KO 2 -type NiAs 2 seem to be rather unlikely in face of the considerable energy differences and the position above the decomposition lines. For the stability diagrams of NiAs 2 and NiSb 2 , these lines consist of NiPn (NiAs type, SG P6 3 /mmc (194)) plus Pn and NiPn plus hypothetical NiPn 3 (SG Im-3 (204)), respectively. In contrast to NiAs 2 , pyrite type NiSb 2 is situated above the decomposition lines and it has not been prepared up to now (Figure 2(d) ). The existing dumbbell-like polymorphs of NiAs 2 , on the other hand, are located below the decomposition lines. Extreme conditions will be necessary to overcome the energy barrier in order to attain a pyrite type NiSb 2 phase. In this context, an already slightly indicated trend becomes more obvious. Among the dumbbell-like structures, the pyrite type gets less and the marcasite type more stable towards higher pnictide homologues (see also NiBi 2 ( Figure 2(e)) ). Increasing interactions between dipnictide units are supposably more or less energetically favorable for the different structure types. All other structure types in the discussed stability diagrams seem to be out of reach for synthesis, but this definitely changes for NiBi 2 .
Whereas dumbbell-like structures are unambiguously preferred in the NiN 2 landscape, the gap vanishes with increasing atomic masses of the pnictides. Nevertheless, the preparation of structures without dumbbells seems to be very unlikely for Pn = P, As, and Sb. Only for the NiBi 2 landscape, they play an important role in energetic considerations where all investigated structure types range in a similar energy region. No NiBi 2 compound is known from the literature and there is one particular structure type that is clearly located in the global minimum of the stability diagram: the froodite type (SG 12) which belongs to the corresponding PdBi 2 homologue. It is stable with respect to decomposition for all combinations, which implicates a high potential for a successful synthesis of this compound. The lowest-energy decomposition lines contain hypothetical NiBi 3 (SG Im-3 (204)), and froodite type NiBi 2 is the only phase that is clearly located below them. If hypothetical phases remain disregarded, the marcasite (58) and the pararammelbergite (61) type should also be taken into consideration as they are located below the decomposition lines of NiBi (NiAs type, SG P6 3 /mmc (194)) plus Bi and NiBi plus NiBi 3 (RhBi 3 type, SG Pnma (62)). It should be emphasized here that pararammelsbergite (61) type PtBi 2 has actually been synthesized. 46 On looking at the volumes of the non dumbbell-like structures, especially the fluorite type (SG 225), they turned out to be a very appropriate reference compound for the whole dipnictide row, with constant relative volume and continuously decreasing relative energy. The same applies for the CdI 2 type except for the case of NiP 2 where a significant volume contraction is caused by strong P-P interactions between the layers. The PdBi 2 -related structure types froodite (SG 12) and urvantsevite (SG 139) follow opposite trends of relative volume expansion (SG 12) and contraction (SG 139). From NiP 2 to NiBi 2 , sort of interlocked layers are loosened for the first and intralayer pnictide-pnictide interactions become stronger for the latter.
The stability diagrams should provide a basis for a simple estimation of phase stabilities of certain systems. This allows for the derivation of significant information like trends within the periodic table or the indication of potential new phases. For an even more accurate treatment of the systems especially at high pressures and high temperatures, more extensive calculations have to be performed. Particularly with energy differences of just a few kJ, only slightly changed energy values can lead to inversions of the (relative) stabilities.
V. CONCLUSION
By means of the presented stability diagrams, a straightforward graphical representation of (relative) phase stabilities based on DFT calculations was presented for compounds with polyanionic fragments. Nickel dipnictides proved to be an ideal model system with the combination of a reference basis in terms of reported polymorphism and unexplored room for the discovery of new phases. Experimental data were correctly reflected in all stability diagrams and hints for the existence of new (possibly metastable) phases can be drawn from the diagrams. In this context, decomposition lines proved themselves as reliable tool for the estimation of experimental accessibility under moderate conditions. The crystal structures of the determined low-energy structures were offered in detail. Relationships between the existing NiPn 2 phases were shown using structural fragments corresponding to the marcasite structure type.
Suitable structure candidates for the optimizations were chosen among the experimentally reported and closely related structure types along with selected reference compounds. This set of structure types was systematically optimized for the chemical series of nickel dipnictides. Starting with the archetype structures, full optimizations were performed with a conjugate gradient algorithm. As a matter of fact, this common way of creating the input for the calculations involves the possibility that different structure types are overlooked.
However, the example of NiN 2 proves that new structure types can be discovered during the geometry optimization. A main goal was the derivation of energetic trends for the selected set of structure types within the periodic table. These trends and structural preferences for the investigated nickel dipnictides could be successfully derived from the stability diagrams. The consideration of competing phases (with different stoichiometry) turned out to be crucial for the investigated systems since many of the hypothetical phases are stable with respect to their constituent elements but not with respect to certain combinations of competing phases (and elements). All in all, the presented method is suitable for further systematic investigations of related systems (starting with the substitution of Ni by Pd and Pt).
Taking another step further, an expansion to completely different systems and the incorporation of thermodynamics and high pressure is aspired. Indeed, the calculation of the electronic ground state gives clear hints at the stabilities of the investigated systems and the conclusions drawn from the stability diagrams are expected to be valid also for the application of moderate pressure and temperature. Nevertheless, the evolution of the stability diagrams at high pressure and high temperature with a focus on the development of relative stabilities is subject to further investigations. This allows for an evaluation of the scope of the present results and the derivation of additional trends within the periodic table.
